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ABSTRACT

Purpose Impaired olfactory function is one of the main features of Parkinson’s disease. However, how peripheral olfactory
structures are involved remains unclear. Using diffusion tensor imaging fiber tracking, we investigated for MRI microstructural
changes in the parkinsonian peripheral olfactory system and particularly the olfactory tract, in order to seek a better understanding
of the structural alternations underlying hyposmia in Parkinson’s disease.

Methods All patients were assessed utilizing by the Italian Olfactory Identification Test for olfactory function and the Unified
Parkinson’s Disease Rating Scale-III part as well as Hoehn and Yahr rating scale for motor disability. Imaging was performed on
a3 T Clinical MR scanner. MRI data pre-processing was carried out by DTIPrep, diffusion tensor imaging reconstruction, and
fiber tracking using Diffusion Toolkit and tractography analysis by TrackVis. The following parameters were used for groupwise
comparison: fractional anisotropy, mean diffusivity, radial diffusivity, axial diffusivity, and tract volume.

Results Overall 23 patients with Parkinson’s disease (mean age 63.6 + 9.3 years, UPDRS-I1124.5 + 12.3, H&Y 1.9 £ 0.5) and 18
controls (mean age 56.3 £ 13.7 years) were recruited. All patients had been diagnosed hyposmic. Diffusion tensor imaging
analysis of the olfactory tract showed significant fractional anisotropy, and tract volume decreases for the Parkinson’s disease
group compared with controls (P < 0.05). Fractional anisotropy and age, in the control group, were significant for multiple
correlations (r = — 0.36, P < 0.05, Spearman’s rank correlation).

Conclusions Fiber tracking diffusion tensor imaging analysis of olfactory tract was feasible, and it could be helpful for charac-
terizing hyposmia in Parkinson’s disease.

Keywords Parkinson’s disease - MRI - Magnetic resonance - Smell - Olfactory function

Introduction prodromal “pre-motor” phase, including a wide range of
non-motor symptoms (NMS) [1]. The basis for these NMS
is that the pathologic process may not start in the substantia

nigra pars compacta. According to the “dual hit hypothesis,” a

Parkinson's disease (PD) is a multisystem disorder, and it is
widely accepted that motor features are preceded by a
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neurotropic pathogen could enter the brain via two routes,
nasal and/or gastric pathways, progressively reaching the cen-
tral nervous system [2]. Neuropathological works in PD re-
vealed that specific brain pathology extends far beyond the
nigrostriatal dopaminergic system and affects widespread
brain areas [3].

Converging evidences suggest that 75-90% of patients
with PD exhibit marked olfactory disturbances, and it is firmly
established that loss of sense of smell precedes the develop-
ment of motor symptoms by a decade or before [4]. Moreover,
idiopathic olfactory impairment has a high predictive value in
developing PD [5] with a relative risk estimated to be 3.9- to
5.2-fold in population-based studies [6].

The multiple components’ pathophysiology of olfactory
dysfunction in PD remains poorly understood: neuropatholog-
ical studies have reported that the PD-related olfactory impair-
ment seems not to be directly associated with specific changes
in the olfactory epithelium [7], but with processes associated
with Lewy body formation in several different areas of the
olfactory system [8]. Postmortem studies have documented
that the olfactory bulb is one of the earliest affected sites in
PD pathology [9]. Nowadays, impaired olfactory function is
recognized as one of the earliest indicators of developing PD
and one of the major NMS, with a significant impact on qual-
ity of life [10]. The combination of imaging correlates for
olfactory dysfunction with clinical measures could be useful
to identify suspected pre-motor PD patients. The use of con-
ventional MRI has so far been the differentiation of PD from
symptomatic parkinsonism and from degenerative atypical
parkinsonian disorders. Modern neuroimaging techniques
have been widely applied to provide imaging pattern differen-
tiating patients from age-matched HC [11].

To date, neuroimaging correlates of olfactory dysfunction
in PD have been reported in few studies. Su and colleagues, in
aresting-state functional MRI study, showed, in hyposmic PD
patients, altered functional activity not only in parts of the
traditional olfactory regions but also in some nontraditional
olfactory centers of the limbic/paralimbic cortices [12].
Structural MRI studies also detected abnormalities in the ce-
rebral olfactory system. In a diffusion-weighted imaging
study, an increased diffusivity in the olfactory tract was found
in early PD patients [13], and, in a diffusion tensor imaging
(DTI) study, a correlation between diffusion indices in the
cerebellum and odor recognition thresholds was reported
[14]. Moreover, Ibarretxe-Bilbao and colleagues, using tract-
based spatial statistics, demonstrated microstructural changes
in the gyrus rectus and in the white matter surrounding prima-
ry olfactory areas of PD patients [15]. DTI is a non-invasive
MRI technique, which provides information on the mobility
of water molecules in the microenvironment [16]. In particu-
lar, the diffusion tensor describes the diffusion behavior along
a range of directions [17]. Pathological processes of axonal
damage and loss that modify the molecular environment affect
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DTI parameters. Furthermore, DTI can be used to reconstruct
axonal tracts (fiber tracking), including the large-scale struc-
tural connections of the brain [18]. DTI parameters have al-
ready been used in some pathologies as markers of structural
damage [19]; neuronal loss and disruption within the bundle-
like architecture of the olfactory-tract are prone to be depicted
by DTI. The olfactory tracts are localized in the olfactory
grooves, travelling posteriorly on the inferior surface of the
frontal lobe. Distally the tracts reach the anterior perforated
substance, and they split into medial, intermediate, and lateral
striae. The olfactory tracts are anatomically close to air-filled
sinuses and therefore exposed to susceptibility artifacts. The
feasibility of fiber tracking DTI analysis of the olfactory tract
has already been investigated in 5 healthy individuals and 1
PD patient by Skorpil and colleagues [20]. In all five healthy
individuals examined, the olfactory tracts could be fiber
tracked. In contrast, in the only anosmic patient examined
olfactory tracts were not visualized.

The purpose of the present paper was to investigate for
MRI microstructural changes in the parkinsonian peripheral
olfactory system and particularly the olfactory tract, in order to
seek a better understanding of the structural alternations un-
derlying hyposmia in Parkinson’s disease.

Subjects/materials and methods
Subjects

Twenty-three PD patients (15 male; overall age range 36-82;
overall mean age 63.6 + 9.3 years, mean disease duration 2.7 +
2.3 years), fulfilling the established United Kingdom
Parkinson’s Disease Society Brain Bank Clinical Diagnostic
Criteria [21], were recruited from the Movement Disorders
Unit, Neurology Service, Hospital Clinic, in Perugia, while
18 healthy controls (HC), age-matched to patients (12 male;
overall age range 33—84; overall mean age 56.3 & 13.7 years),
were recruited from volunteers including spouses and/or
friends between 2015 and 2018. None of the control subjects
had a history or signs of neurological disorders.

All subjects were assessed with a neurological exam. All
patients received regular L-dopa therapy and/or dopamine ag-
onists and were taking their recommended PD medication
during the clinical assessment. Motor disability related to par-
kinsonism was assessed in all patients in ON drug states using
part III of the Unified Parkinson’s Disease Rating Scale
(UPDRS 11I), and disease stages were classified according to
the Hoehn and Yahr rating scale (H&Y).

Exclusion criteria for all subjects included history of head
trauma, previous maxilla-facial surgery, nasal fracture or di-
agnosis of rhinitis and/or nasal polyps, detection of expansive
lesions in the anterior cranial fossa, and Mini-Mental State
Exam (MMSE) score < 24.
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Olfactory testing

Prior to MRI, olfactory function of each patient was assessed
by means of the Italian Olfactory Identification Test (IOIT),
which consists of 33 odorants familiar to Italy. This test has
been utilized in Italy for primarily screening PD patients [22].

The procedure started with the administration of tester n°1,
up until n°33. First the suggested answers for each tester were
read, and then the tester was rubbed and sniffed (the smelling
area of the tester was positioned not more 1 cm under the
patient’s nose). The patients had to choose one of the answers
among the four suggested, crossing or circling it.

Based on the IOIT score, hyposmia was identified, accord-
ing to the age, using the following cutoff: age range 30-49->
score > 4, age range 50-59=> score > 5, age range 60—69=>
score > 6, and age range 70—79-> score > 7.

Patients were taking dopaminergic treatment at the time of
olfactory function testing, since no modifying effect of levo-
dopa was reported [23, 24].

MRI
MRI acquisition protocol

PD patients and controls were scanned with a 3 T Philips
Achieva, using an 8-channel head coil. For the neuroradiolog-
ical report, the MRI protocol included an anatomical FLAIR
sequence (axial acquisition, FOV = 230 x 230 mm?, pixel size
=0.45 x 0.45 mm?, slice thickness = 4 mm, number of slices =
29 with a slice gap of 1 mm, TE = 125 ms, TR = 11000 ms, flip
angle = 90 deg, no fat suppression, full k-space, no averages),
an anatomical T1-weighted sequence (sagittal acquisition,
FOV = 250 x 250 mm?, pixel size = 1.04 x 1.04 mm?, slice
thickness = 0.6 mm, number of slices = 301 without slice gap,
TE = 3.4 ms, TR = 7.4 ms, flip angle = 8 deg, no fat suppres-
sion, full k-space, no averages), and an anatomical T2 sequence
(axial acquisition, FOV = 230 x 230 mm?, pixel size = 0.45 x
0.45 mm?, slice thickness = 4 mm, number of slices = 29 with a
slice gap of 1 mm, TE = 80 ms, TR = 3000 ms, flip angle =90
deg, SPIR fat suppression, full k-space, no averages).
Diffusion-weighted (DW) data were acquired using a sin-
gle-shot, spin-echo, echo-planar imaging (EPI) sequence
across 32 different non-collinear diffusion directions with a
b-factor of 1000 s/mmz, along with an initial non-diffusion-
weighted volume (acquisition parallel to the ethmoidal plane,
FOV = 184 x 184 mm’, voxel size = 1.8 x 1.8 x 1.8 mm’,
number of slices = 45 without slice gap, TE = 55 ms, TR =
9700 ms, flip angle = 90 deg, SPIR fat suppression, full k-
space, 2 averaged acquisitions). The TE was kept short by
using maximum gradient strength/slew rate, parallel imaging,
and partial Fourier encoding, whereas the 2 acquisitions in-
crease the signal-to-noise ratio in the averaged image but dou-
ble the scanning time. To reduce the DTI acquisition time to

about 12 min, parallel imaging (SENSE 2) was used and we
chose not to cover the whole brain, limiting the acquisition to
an approximately 8 cm cranio-caudal thickness, focusing on
the olfactory tracts so to reduce any geometric warping.

DTI data processing and analysis

Dicom data were converted to the nifti format using the free
dcm2nii software (http://www.mccauslandcenter.sc.edu/
mricro/mricron/dcm2nii.html, output format FSL/
SPM8—4D NIFTI).

Pre-processing of DW images was performed with
DTIPrep [25], which automatically corrects for eddy current
distortions and head motion by removing low-quality direc-
tions and reorienting the b-matrix.

Afterwards, Diffusion Toolkit [26] was used both to esti-
mate the diffusion tensors and to perform deterministic
tractography utilizing the FACT propagation algorithm (angle
threshold = 30 deg, minimum FA = 0.05, minimum track
length = 1 mm) and applying a spline filter to clean up the
tracks.

Virtual manual dissections of the olfactory tracts were per-
formed, twice for each subject, with TrackVis [26] by a
tractographer, who was blinded to the clinical status of each
subject (PD patient/control) (Fig. 1a). A seed region of interest
(ROI) was positioned in the olfactory tract distal region (in-
cluding the olfactory bulbs), identified on a plane parallel to
the ethmoidal plane (Fig. 1b), using the T2 images as an an-
atomical reference. Other ROIs were positioned to rule out
spurious reconstruction artifact tracts of the visualized fibers.
This was carried out by placing NOT-gated ROIs. Then, the
estimates of the overall tract volume (TV), fractional anisot-
ropy (FA), mean diffusivity (MD), radial diffusivity (RD), and
axial diffusivity (AD) average values were automatically cal-
culated by the software and registered for each subject.
Finally, these estimates were averaged across the two
dissections.

Statistical analysis

The statistical analysis was performed using R software v3.0.
Descriptive statistics are reported here as means and standard
deviations for continuous variables and absolute frequencies
and percentages for categorical variables. The hypothesis of
intra-rater agreement was substantiated for track volumes
through intra-class correlation coefficient (ICC). Any differ-
ences between groups were tested utilizing ANCOVA for
adjusting for the effect of age. The correlations between var-
iables were calculated with Spearman’s coefficients. Because
the control cohort was overall significantly younger than PD
group, we adjusted for this age difference when comparing
tractography between the groups. For all analyses, a P value
less or equal to 5% was considered statistically significant.
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Fig. 1 Axial and coronal slices of
the non-diffusion-weighted
volume acquired along with the
DW data where the olfactory bulb
region is represented. (a—b)
Virtual manual dissections of the
olfactory tracts obtained on a
control subject using TrackVis.
(c—d) ROI placed in the olfactory
bulb region for the dissection of
the olfactory tracts (shown in

purple)

Results
Clinical variables

Demographic information and clinical characteristics of
the study population are listed in Table 1. The H&Y
stages are identified as stage 1 in three patients, stage
1.5 in two, stage 2 in fourteen, stage 2.5 in three, and
stage 3 only in one. The disease duration was 2.7 + 2.3
years (range 1-10), while the median UPDRS III score
was 24.5 £ 12.3 (range 9-53). The average IOIT score
was 13.7 £ 4.9 (range 7-25).

Table 1  Subjects’ characteristics (mean + SD)
PD patients (n = 23) Controls (n = 18)
Male/female, no. 15/8 12/6
Age, year 63.6+9.3 563 +13.7
Duration of disease, year 27+23
H&Y 1.9+0.5
UPDRS III 24.5+12.3
IOIT score 13.7+49
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Analysis of processed DTl data

ICC = 0.997 (P < 0.001) was found for track volumes
provided by the two dissections for each subject, sug-
gesting an almost perfect agreement. DTI analysis of the
olfactory tract showed significant FA, and TV decreases
for the PD group, when compared with the control
group (P < 0.05) (Table 2, Fig. 2). No significant dif-
ferences in MD/RD/AD between the two groups were
observed. For only the HCs, but not PD group, a sig-
nificant correlation was found between FA and age (r =
— 0.36, P < 0.05, Spearman’s rank correlation) (Fig. 3).

Table 2  Results of the olfactory tract values (mean + SD)

Controls PD patients P
FA 0.159 +£0.035 0.141 £+ 0.002 0.028
MD (mm2/s)  0.00140 +0.00020  0.00149 +0.00021  0.960
AD (mm2/s)  0.0016 = 0.0002 0.0017 £ 0.0003 0.640
RD (mm2/s) 0.0013 £ 0.0002 0.0014 + 0.0002 0.789
TV (ml) 0.982 +0.718 0.561 +0.287 < 0.0001

FA fractional anisotropy, MD mean diffusivity, AD axial diffusivity, RD
radial diffusivity, TV tract volume
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Spearman’s rank correlation coefficient revealed a trend
for a positive correlation between RD and age (r =
0.27; P = 0.08). No significant correlations were found
between FA/TV/MD/RD and parameters for motor
function.

Discussion

In the present study, we tested olfactory function using IOIT,
and the score of all PD patients was under the cutoff threshold.
The DTI fiber tracking analysis detected structural differences
of the olfactory tract between PD patients and HC, likely
marks of neurodegenerative changes.

By applying a ROI-based approach focusing on the
olfactory tract, previous studies have reported statistically
significant regional signal changes in patients when com-
pared with a group of HC. A recent meta-analysis [27]
revealed that DTI is able to address structural differences
between PD patients and HC particularly in olfactory
tract. Two studies included in this meta-analysis have re-
ported FA and MD changes between PD patients and HC

[24, 28]. Moreover, after examining the DTI-derived mea-
sures from 13 ROIs (non-motor brain regions implicated
in early stages of PD according to Braak’s hypothesis),
Chen et al. found that FA values were lower in PD pa-
tients than HC in the olfactory tract [29]. Lastly, in DTI
and statistical modeling report, the olfactory regions were
particularly efficient at distinguishing de novo drug-naive
PD patients from HC [30].

Unlike previous studies, our study adopted fiber track-
ing to visualize the olfactory tracts. Specifically, while
ROI-based techniques depend on a priori assumption of
the size and shape of the region to be evaluated, without a
priori hypothesis regarding the localization of the olfac-
tory tract, tractography provides better accuracy. In order
to minimize susceptibility artifacts [20], we used an opti-
mized single-shot diffusion-weighted EPI sequence focus-
ing on the thin olfactory tracts. To increase signal-to-noise
ratio (SNR), two acquisitions were collected, using a stan-
dard brain protocol b value 1000 s/mm?”. To reduce geo-
metric warping, the TE was kept short by using maximum
gradient strength/slew rate, parallel imaging, and partial
Fourier encoding.

Fig. 2 Diftusion tensor imaging
analysis of the anterior olfactory . ° 2.0
tracts of healthy controls (HC)
and Parkinson’s disease (PD)
patients: (left panel) fractional .
anisotropy (FA) and (right panel)
tract volume (TV) .
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Fig. 3 Correlation between
fractional anisotropy (FA) values L P
and age in PD patients and in HC
group. A significant correlation
between FA and age, only for HC, L4
was found (r = — 0.36, P < 0.05, °
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Unlike the only previously published study on DTI
tractography [20], which failed to visualize the olfactory tracts
in the single analyzed PD patient, we used a 3 T MRI scanner
and achieved a higher SNR, and the voxel of our DTI acqui-
sition was smaller, therein leading to a lower overall partial
volume effect.

The most significant finding was the difference be-
tween the two group distributions for DTI values partic-
ularly FA and TV. This was most likely due to a dis-
ruption of fibers, which is in line with neuropathologi-
cal observations which exhibited extensive extranigral
changes for the PD patients.

Furthermore, significant correlations were found be-
tween FA values and age in the HC group. As in pre-
vious reports [24] in our cohort of patients, no correla-
tion between severity of the motor dysfunction and DTI
values of the olfactory tract was observed, suggesting
that the time courses of developing motor impairments
and the neuropathological processes within the anterior
olfactory systems are divergent. So, our finding is in
agreement with the Braak model of temporal degenera-
tion in PD that hypothesizes a-synuclein pathology in
both the olfactory bulbs and tracts occurring well before
any nigral pathology. To this regard, the olfactory bulb
has been proposed as an entry point for pathogens or
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environmental insults, which can trigger the spread of
pathological changes throughout the brain [31, 32].
Recently, the “prion” hypothesis has been proposed
[33], which states that by spreading into the brain and
acting as templates for endogenous proteins to form
pathological aggregates, misfolded proteins resistant to
degradation are responsible for disease [34]. Our find-
ings, in line with this hypothesis and together with the
anatomy of the olfactory system (bypassing the blood-
brain barrier), suggest that a breakdown in the olfactory
system might be the initiating clinical marker of the PD
in progress. Moreover, additional research is needed to
explore whether fiber tracking DTI changes in olfactory
tracts are present in prodromal PD.

We recognize several limitations of our study. First,
there were a low number of patients included in each
group. Second, at our center, we did not have the avail-
ability of more than one expert tractographer, so an
inter-rater agreement could not be provided. Third, the
healthy controls, although accurately selected, were pre-
sumed to benormosmics and thus not tested by IOIT.
Last, our cohorts were indistinguishable along two axes,
namely, PD vs controls and hyposmic vs normosmic,
making it impossible to reliably attribute change to
one issue or another.
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In conclusion, the result of our study demands that
we further investigate to reveal the underlying mecha-
nisms associated with hyposmia as seen in most PD
patients.
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